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Sensory adaptation represents a form of experience-
dependent plasticity that allows neurons to retain
high sensitivity over a broad dynamic range. The
mechanisms by which sensory neuron responses
are altered on different timescales during adaptation
are unclear. The threshold for temperature-evoked
activity in the AFD thermosensory neurons (T*AFD)
in C. elegans is set by the cultivation temperature
(Tc) and regulated by intracellular cGMP levels. We
find that T*AFD adapts on both short and long time-
scales upon exposure to temperatures warmer than
Tc, and that prolonged exposure to warmer tem-
peratures alters expression of AFD-specific receptor
guanylyl cyclase genes. These temperature-regu-
lated changes in gene expression are mediated by
the CMK-1 CaMKI enzyme, which exhibits Tc-depen-
dent nucleocytoplasmic shuttling in AFD. Our results
indicate that CaMKI-mediated changes in sensory
gene expression contribute to long-term adapta-
tion of T*AFD, and suggest that similar temporally
and mechanistically distinct phases may regulate
the operating ranges of other sensory neurons.
INTRODUCTION
Animals continuously modulate their behavior as a function of
current and past experience. Sensory adaptation is a well-stud-
ied form of experience-dependent behavioral plasticity that
occurs on a range of timescales. Adaptation to prevailing envi-
ronmental cues resets the behavioral response threshold and
regulates gain, thereby allowing animals to maintain sensitivity
to sensory signals over a broad dynamic range. On short time-
scales, desensitization of sensory neuron responses to external
cues can arise from altered trafficking or functions of primarysensory signal transduction molecules (e.g., Kurahashi and Me-
nini, 1997; Sokolov et al., 2002). Although sensory adaptation on
long timescales of hours to days has also been reported (Bao
and Engel, 2012; Dalton and Wysocki, 1996), the mechanisms
underlying long-term adaptation remain poorly described. A
few reports to date have suggested that altered sensory gene
expression or protein turnover can contribute to long-term
desensitization of peripheral sensory neuron responses and
behavioral acclimation (Juang et al., 2013; Patapoutian et al.,
2009; Zhang et al., 2013), but whether similar mechanisms oper-
ate more broadly has not been fully established.
Thermosensation inC. elegans provides an excellent system in
which to study the neuronal andmolecular mechanisms underly-
ing experience-dependent sensory adaptation. In the physiolog-
ical temperature rangeof 15C–25C,C.elegans acclimates to its
cultivation temperature (Tc) and exhibits distinct thermotactic
navigation behaviors in temperature ranges relative to Tc
(Hedgecock and Russell, 1975) (Figure 1A). At temperatures (T)
above Tc, animals robustly move toward colder temperatures
(negative thermotaxis), whereas atTTc, animals track isotherms
(isothermal tracking or IT behavior) (Garrity et al., 2010; Hedge-
cockandRussell, 1975;Mori andOhshima, 1995) (Figure 1A).Un-
der a circumscribed set of conditions at T < Tc, animals exhibit
positive thermotaxis, but are otherwise athermotactic (Jurado
et al., 2010; Ramot et al., 2008b) (Figure 1A). Computational
models suggest that this experience-dependent behavioral plas-
ticitymay allowC. elegans tomaximize fitness over its physiolog-
ical temperature range in its natural habitats (Ramot et al., 2008b).
Behavioral acclimation to Tc is mediated in part via adaptation
of the temperature-response threshold (T*AFD) of the bilateral
AFD neuron pair, the primary thermosensory neuron type in
C. elegans (Clark et al., 2006; Kimura et al., 2004; Ramot et al.,
2008a).Tc regulatesT*AFD, and responses to temperaturechanges
are detected in AFDonly atT> T*AFD. Although themolecular ther-
mosensor(s) in AFD are unknown, the secondmessenger cGMP is
required for thermotransduction, as well as for setting the appro-
priate T*AFD (reviewed in Garrity et al., 2010). Upon warming,
cGMP levels are thought to increase due to increased cGMP
synthesis, decreased cGMP degradation, or both. T*AFD is thusNeuron 84, 919–926, December 3, 2014 ª2014 Elsevier Inc. 919
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B Figure 1. cmk-1 Mutants Exhibit Defects
in Negative Thermotaxis and Isothermal
Tracking Behaviors
(A) Thermotaxis behaviors exhibited at ambient
temperatures (T) relative to cultivation temperature
(Tc). IT, isothermal tracking behavior. (B) Thermo-
taxis bias of the indicated strains on a spatial
thermal gradient. cmk-1 cDNA was expressed
specifically in AFD and AWC under the ttx-1 and
ceh-36 promoters, respectively. Bars (± SEM) are
the average of 10 independent assays of 15
animals each. Wild-type and mutant strains were
examined together on multiple days. *** indicates
different from wild-type at p < 0.001; ### indicates
different from cmk-1(oy21) at p < 0.001 (ANOVA
and Bonferroni post hoc corrections). (C and D)
Average track numbers (left) and lengths (right) of
strains grown at the indicated temperatures. Ani-
mals grown at 25C do not track well (Y.V.Y. and
H.W.B., unpublished observations). Bars (± SEM)
are the average of 8–10 independent assays of 15
animals each. Wild-type and mutant strains were
examined together on multiple days. ** and ***
indicate different from wild-type at p < 0.01
and p < 0.001, respectively; ## and ### indicate
different from cmk-1(oy21) at p < 0.01 and p <
0.001, respectively (Kruskal-Wallis nonparametric
ANOVA and Bonferroni post hoc corrections). See
Figure S1 for average tracking temperatures.
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CaMKI Resets the Operating Range of AFDdefined as the lowest temperature at which the net increase in
intracellular cGMP levels leads to opening of cGMP-gated chan-
nels and depolarization. Adaptation of T*AFD to a new temperature
may involve feedback that subsequently resets cGMP concentra-
tions to resting levels. Themechanisms bywhich cGMP levels are
altered as a function of exposure to new temperatures to regulate
T*AFD, and thus the operating range of AFD, are unclear.
Here we show that the CMK-1 calcium/calmodulin-dependent
protein kinase I (CaMKI) plays a critical role in adaptation of T*AFD
to Tc. Through detailed analysis of the time dependence of T*AFD
adaptation to warmer temperatures, we demonstrate that the
process has both fast and slow components occurring on time-
scales of minutes and hours, respectively. We also show that the
expression of AFD-specific gcy receptor guanylyl cyclase (rGC)
genes implicated in cGMP synthesis and T*AFD setting is altered
in a Tc- and CMK-1-dependent manner upon prolonged expo-
sure to a new temperature. Moreover, correct adaptation of
T*AFD requires Tc-dependent regulation of CMK-1 subcellular
localization in AFD. Our observations suggest that CMK-1-medi-
ated changes in the expression of sensory signaling genes are a
major determinant of long-term plasticity in the operating range
of AFD, and suggest that similar mechanisms may operate to
fine-tune the responsiveness of other sensory neurons.920 Neuron 84, 919–926, December 3, 2014 ª2014 Elsevier Inc.RESULTS
Multifunctional calcium/calmodulin-bind-
ing proteins such as CaMKI and CaMKIV
link intracellular calcium dynamics with
changes in neuronal development and
function (Wayman et al., 2008). cmk-1 en-codes the sole CaMKI/IV ortholog inC. elegans (Eto et al., 1999),
and we previously showed that cmk-1mutants exhibit defects in
negative thermotaxis behavior (Satterlee et al., 2004). Since mul-
tiple thermosensory neurons contribute to negative thermotaxis
behaviors in C. elegans (Beverly et al., 2011), we re-examined
negative thermotaxis behavioral phenotypes of cmk-1 mutants
under conditions that specifically require AFD function (Beverly
et al., 2011). AFD is also required for positive thermotaxis under
a limited set of conditions (Jurado et al., 2010; Luo et al., 2014);
this behavior was not further examined here.
Worms perform negative thermotaxis using a biased random
walk strategy (Garrity et al., 2010). This navigation strategy can
be quantified by calculating the thermotaxis bias defined as
the ([total duration of movement or runs toward warmer temper-
atures][total duration of runs toward colder temperatures])/
total run duration. Although animals use a reorientation strategy
that increases the probability of orienting new runs toward colder
temperatures (Luo et al., 2014), we did not measure reorientation
in these assays. Under conditions known to require AFD for
negative thermotaxis (Beverly et al., 2011; see Supplemental
Experimental Procedures available online), cmk-1(oy21) putative
null and cmk-1(oy20)missensemutants exhibited strong defects
in negative thermotaxis behavior on spatial thermal gradients
Figure 2. T*AFD and AFD Thermosensory
Responses Are Decreased in cmk-1 Mu-
tants
(A–F) Average calcium responses in AFD evoked
by a rising temperature stimulus. Since all animals
were imaged for the same period of time, imaging
of cmk-1(oy21) animals grown at 25C was
terminated at a lower temperature. Error bars are
SEM. nR 9 neurons each. (B and E) Average T*AFD
and (C and F) average response amplitudes (see
Supplemental Experimental Procedures) in the
indicated strains. ** and *** indicate different from
wild-type values at p < 0.01 and p < 0.001,
respectively; ### indicates different from cmk-
1(oy21) at p < 0.001 (ANOVA and Bonferroni post
hoc corrections). Also see Table S1 for average
T*AFD at different growth temperatures. (G and H)
Dynamics of T*AFD adaptation in wild-type and
cmk-1(oy21) animals during temperature shift over
24 hr or the initial 10 min (G, inset). Black and red
lines are exponential fits to the data for wild-type
and cmk-1(oy21) mutants, respectively. Time
constants (± 95% confidence interval) are indi-
cated. n.s., not significantly different between
indicated values; WT, wild-type; mut, cmk-
1(oy21). Strains were examined together on mul-
tiple days. Each point is the average of 5–10 AFD
neurons; error bars are SEM.
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CaMKI Resets the Operating Range of AFD(Figure 1B). This behavioral defect was rescued by expressing
wild-type (WT) cmk-1 sequences specifically in AFD, but not in
the AWC, thermosensory neurons (Figure 1B).
Animals mutant for cmk-1 were also examined for their ability
to track isotherms, an AFD-dependent behavior (Mori and Oh-
shima, 1995). We quantified track numbers to measure initiation
of tracking, as well as track lengths to measure maintenance of
tracking behavior. cmk-1 mutant strains were strongly defective
in track initiation, and weakly defective in track maintenance,
regardless of Tc (Figures 1C and 1D). IT behaviors at all examined
temperatures were fully rescued by AFD-specific expression of
WT CMK-1 (Figures 1C and 1D). In all cases where significant
IT behavior was observed, animals tracked isotherms in a tem-
perature range similar to that tracked by WT animals (Figure S1).
Thus, CMK-1 acts in AFD to mediate both negative thermotaxis
and IT behaviors.
We next investigated the neuronal basis for the behavioral
defects in cmk-1 mutants by examining temperature-inducedNeuron 84, 919–926,intracellular calcium dynamics in AFD
using the genetically encoded YC3.60
calcium sensor (Miyawaki et al., 1997).
We measured responses to a rising linear
temperature ramp with a superimposed
sinusoidal oscillation (Figures 2A and
2D), a stimulus that allows accurate
quantification of T*AFD over background
noise (Clark et al., 2006). Both T*AFD and
response amplitude were significantly
decreased in cmk-1(oy21) mutants (Fig-
ures 2A–2F), with stronger defects in ani-mals grown overnight at 20C or 25C than in animals grown at
15C (Figures 2A–2F; Table S1). T*AFD and response amplitudes
were fully rescued by AFD-specific expression of wild-type
CMK-1 (Figures 2A–2F), indicating that CMK-1 acts cell autono-
mously to regulate temperature-evoked calcium dynamics in
AFD. We conclude that CMK-1 is required to set the correct
T*AFD upon growth at a specific Tc, and that this requirement is
particularly critical at warmer temperatures.
While the maximal T*AFD is lower in cmk-1mutants than in WT
animals grown overnight at a given temperature, T*AFD neverthe-
less adapts in cmk-1 mutants shifted to a new temperature
(Figures 2B and 2E; Table S1). Since T*AFD is correlated with
Tc-regulated intracellular cGMP levels (Wang et al., 2013; Was-
serman et al., 2011), T*AFD can be affected by either changes
in the rate of cGMP synthesis and/or hydrolysis, or by the magni-
tude of cGMP concentration change upon growth at different
temperatures. We examined this issue by comparing the dy-
namics of T*AFD adaptation in WT and cmk-1 mutant animalsDecember 3, 2014 ª2014 Elsevier Inc. 921
AC D
B Figure 3. Expression of AFD-Expressed gcy
Genes Is Altered in a CMK-1-Dependent
Manner upon Prolonged Growth at Specific
Temperatures
(A) GFP fluorescence levels in AFD of a stably in-
tegrated gcy-8p::gfp reporter gene as a function of
Tc and genetic background. See Figure S2A for
expression levels at Tc = 20
C. Bars (± SEM) are
the average of n > 15 neurons for each condition. **
and *** indicate different from corresponding wild-
type values at p < 0.01 and p < 0.001, respectively;
### indicates different from corresponding cmk-
1(oy21) values at p < 0.001; & and &&& indicate
different between indicated values (green
brackets, upregulated at 25C; red bracket,
downregulated at 25C) at p < 0.05 and p < 0.001,
respectively (ANOVA and Bonferroni post hoc
corrections). (B) Fold-change in mRNA levels of
gcy, lmn-1 lamin or gpd-1 GAPDH genes as a
function of Tc in wild-type or cmk-1(oy21) animals.
Bars (± SEM) are averages of 3–4 independent biological replicates, each analyzed in triplicate. *** indicate different from wild-type at p < 0.001 (ANOVA and
Bonferroni post hoc corrections). See Figure S2B for quantification of mRNA levels in wild-type or cmk-1mutants grown at 15C. (C and D) Fold-change inmRNA
levels of gcy-8, gcy-18, and gcy-23 in wild-type animals at the indicated times following temperature shift. Bars (± SEM) are the averages of 3–4 independent
biological replicates, each analyzed in triplicate. *, **, and *** indicate different from corresponding initial values at p < 0.05, p < 0.01, and p < 0.001, respectively
(ANOVA and Bonferroni post hoc corrections).
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CaMKI Resets the Operating Range of AFDshifted between two temperatures for different periods of time.
Since T*AFD defects were most pronounced at 25
C (Table S1),
we chose to shift animals between 15C and 25C.
To investigate T*AFD adaptation dynamics in detail, we
performed temperature-shift experiments at high temporal
resolution. Animals were shifted between 15C and 25C every
1–5 min up to 30 min, or for longer time intervals up to 24 hr
prior to measuring T*AFD. In temperature-upshift experiments,
we found that exposure to 25C for as little as 1minwas sufficient
to significantly increase T*AFD inWT animals (Figure 2G). The time
course of the change in T*AFD evoked by temperature upshift
was best fit by a double exponential function (p < 0.001). This
finding reveals that T*AFD adaptation involves both a fast and
slow process and helps to reconcile disparate findings from
electrophysiology (Ramot et al., 2008a) and calcium imaging
(Biron et al., 2006) experiments. The initial, rapid phase of
T*AFD adaptation had a time constant of2–3 min (t1, Figure 2G)
that matches prior results from electrophysiology (Ramot et al.,
2008a), whereas a later, slower phase of adaptation occurred
with a time constant of3–5 hr (t2, Figure 2G) thatmatchesmea-
surements derived from calcium imaging (Biron et al., 2006).
Neither the estimated time constants, nor their respective contri-
butions, to the time course were significantly altered in cmk-1
mutants (Figure 2G). (The contribution of the slow and fast
components to the overall time course was as follows: WT,
0.48 [slow] and 0.52 [fast]; cmk-1, 0.48 [slow] and 0.53 [fast]).
Similar experiments for temperature downshift showed that
T*AFD adapted to lower temperatures following a single exponen-
tial time course with a time constant of 3 hr (Figure 2H). As in
the case of upshifts, cmk-1 mutants did not exhibit significant
defects in the rate of adaptation to lower temperatures (Fig-
ure 2H). Based on these observations, we infer that the altered
T*AFD in cmk-1 mutants upon exposure to a new temperature
results from a reduction in the overall magnitude, but not the
rate of change, in cGMP concentration.922 Neuron 84, 919–926, December 3, 2014 ª2014 Elsevier Inc.We next investigated the mechanism by which T*AFD is adapt-
ed to a Tc-correlated value and the role of CMK-1 in this process.
Previously, we showed that loss of function of one or more of the
AFD-specific gcy-8, gcy-18, and gcy-23 rGC genes results in
lowered T*AFD at a given Tc (Wasserman et al., 2011), suggesting
that these genes contribute to setting the correct T*AFD. Given
that the slow phase of T*AFD adaptation takes hours, we consid-
ered the possibility that temperature alters expression of the
AFD-specific gcy genes to regulate intracellular cGMP levels.
Consistent with this hypothesis, we found that gcy-8p::GFP
fluorescence levels in AFD were correlated with the overnight
Tc (Figure 3A). Additionally, qRT-PCR experiments showed
that expression of all three AFD-specific gcy genes increased
3- to 5-fold upon overnight growth at warmer temperatures (Fig-
ure 3B). Expression of nonthermosensory genes was not simi-
larly affected by growth temperature (Figure 3B), indicating
that the changes in gcy gene expression were not due to a
nonspecific increase in gene expression at warmer tempera-
tures. We also characterized the dynamics of gcy gene expres-
sion change upon temperature shift by quantifying endogenous
gcy mRNA levels by qRT-PCR at different time points following
temperature shift. In temperature-upshift and -downshift exper-
iments, we observed significant up- or downregulation of gcy
gene expression, respectively, on different, but long, timescales
(Figures 3C–3D).
Since a major mechanism by which CaMK proteins regulate
neuronal functions is via activity-dependent regulation of gene
expression (Wayman et al., 2008), we asked whether the
observed Tc-dependent changes in gcy gene expression are
mediated by CMK-1. Quantification of gcy-8p::GFP fluores-
cence (Figures 3A and S2A), or of endogenous gcy message
levels via qRT-PCR (Figure 3B), showed that unlike in WT ani-
mals, gcy gene expression levels were not increased upon
warming in cmk-1(oy21) mutants, resulting in a stronger expres-
sion defect in cmk-1 mutants relative to WT animals at warmer
AB
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Figure 4. The Subcellular Localization of
CMK-1 in AFD Is Regulated by Temperature
and CKK-1 CaMKK
(A) Representative images of subcellular localiza-
tion of a functional CMK-1::GFP protein in AFD in
wild-type animals grown at the indicated temper-
atures or upon temperature shift. Scale bar, 10 mm.
(B) The ratio of fluorescence levels of ttx-1 pro-
moter-driven CMK-1::GFP in the cytoplasm and
the nucleus of AFD in cmk-1(oy21) animals at the
indicated growth temperatures or upon tempera-
ture shift for the shown time periods. Bars (± SEM)
are averages of results from n > 15 animals
analyzed in 2–3 independent experiments. *** and
### indicate different from values upon overnight
growth at 15C and 25C, respectively, at p <
0.001 (ANOVA and Bonferroni post hoc correc-
tions). See Figures S3 and S4 for quantification of
subcellular localization, behavior, gene expres-
sion, and T*AFD phenotypes of animals expressing
CMK-1+NLS and CMK-1+NES in AFD. (C)
Average T*AFD of animals of the indicated geno-
types grown at 25C. The ckk-1(ok1033) allele was
used. *** and ### indicate different from wild-type
and cmk-1 values, respectively, at p < 0.001
(ANOVA and Bonferroni post hoc corrections).
Bars (± SEM) are averages from n = 8–9 neurons.
See Figure S3D for subcellular localization of
CMK-1+NLS::GFP in AFD in ckk-1 mutants. (D)
GFP fluorescence levels in AFD of a stably inte-
grated gcy-8p::gfp reporter gene. Bars (± SEM)
are averages from n > 14 neurons for each con-
dition. *** indicates different from corresponding
wild-type values at p < 0.001; ### indicates
different from corresponding ckk-1(ok1033) values
at p < 0.001 (ANOVA and Bonferroni post hoc
corrections). (E) Representative images (left) and
quantification (right) of ttx-1 promoter-driven
CMK-1::GFP localization in AFD in ckk-1(ok1033)
mutants. Bars (± SEM) are the average of n > 13
animals analyzed in two independent experi-
ments. *** indicates different from values upon
overnight growth at 15C at p < 0.001; # and ###
indicate different from values upon overnight
growth at 25C at p < 0.05 and p < 0.001,
respectively (ANOVA and Bonferroni post hoc
corrections). Scale bar, 10 mm. (F) Working model
of molecular mechanisms underlying short- and
long-term adaptation of T*AFD to Tc upon temper-
ature upshift. VGCC, voltage-gated calcium
channel. See Discussion for details.
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CaMKI Resets the Operating Range of AFDtemperatures. gcy-8p::GFP fluorescence was also decreased in
cmk-1(oy21) animals grown at 15C (Figure 3A) (Satterlee et al.,
2004), although we could not reliably detect changes in endoge-
nous mRNA levels under these conditions likely due to low
expression levels at this temperature (Figure S2B). Both basal
and Tc-dependent regulation of gcy-8p::GFP expression levels
were rescued upon expression of WT CMK-1 (Figure 3A).
Together with previous observations that loss of gcy gene func-
tion (Wasserman et al., 2011), and growth in 8-Br-cGMP or loss
of pde phosphodiesterase gene function, lower and raise T*AFD,
respectively (Wang et al., 2013; Wasserman et al., 2011), these
results suggest that CMK-1-mediated changes in gcy geneexpression contribute to long-term T*AFD adaptation particularly
at T > Tc.
Mammalian CaMKI/IV is localized either to the cytoplasm or
the nucleus based on cellular context and conditions (Wayman
et al., 2008). Given the role of CMK-1 in regulating gcy gene
expression in AFD during adaptation, we asked whether CMK-
1 is localized to the nucleus in AFD, and whether its subcellular
localization is Tc-dependent. In animals grown overnight at
15C, functional CMK-1::GFP protein was present at similar
levels in both the cytoplasm and the nucleus of AFD (Figures
4A and 4B). However, upon overnight growth at Tc = 25
C,
CMK-1::GFP was enriched in the cytoplasm of AFD (FiguresNeuron 84, 919–926, December 3, 2014 ª2014 Elsevier Inc. 923
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CaMKI Resets the Operating Range of AFD4A and 4B). In contrast, CMK-1::GFP was enriched in the cyto-
plasm of the AWC sensory neurons regardless of growth temper-
atures (Figure S3A).
We investigated the dynamics of CMK-1 subcellular localiza-
tion by examining CMK-1::GFP in AFD upon temperature up-
and downshift between 15C and 25C. Exposing animals grown
at 15C overnight to 25C for 15 min was sufficient to enrich
CMK-1::GFP in the AFD nucleus (Figures 4A and 4B). This local-
ization change was transient, since by 60 min after the shift
the localization pattern of CMK-1::GFP in AFD was similar to
that of animals grown overnight at 25C (Figures 4A and 4B). In
contrast, upon a temperature downshift from 25C to 15C, we
observed a gradual and slow change in CMK-1::GFP subcellular
localization (Figure 4B). These results indicate that subcellular
localization of CMK-1 in AFD is dynamic, particularly upon tem-
perature upshift, and depends on the duration of exposure to a
given Tc.
We asked whether constitutive localization of CMK-1 to either
the cytoplasm or nucleus affects its ability to regulate AFD
function. Addition of a nuclear localization sequence (NLS) or
nuclear export sequence (NES) caused GFP-tagged CMK-1
protein to be 5-fold enriched in the AFD nucleus or cytoplasm,
respectively (Figure S3B). The localization of fusion proteins
bearing an NLS or NES was not obviously affected during tem-
perature shifts or upon growth at a new Tc (Figure S3B). Both
CMK-1+NLS and CMK-1+NES rescued the gene expression
and behavioral defects, as well as defects in temperature-
induced calcium dynamics in AFD of cmk-1(oy21) mutants
regardless of growth temperature (Figures S4A–S4D), although
expression of CMK-1+NLS consistently resulted in higher gcy-
8p::gfp expression and T*AFD values than expression of CMK-
1+NES (Figures S4C and S4D). Although these results can be
interpreted to indicate that CMK-1 can function either in the
cytoplasm or in the nucleus to regulate overall AFD thermosen-
sory properties, we favor the alternate hypothesis that a fraction
of both overexpressed molecules continues to shuttle between
the cytoplasm and nucleus upon temperature shift, with
increased nuclear localization resulting in higher gene expres-
sion and T*AFD (also see below).
The functions of mammalian CaMKI/IV as well as C. elegans
CMK-1 in vitro are potentiated via phosphorylation by an up-
stream CaM-dependent kinase (CaMKK) (Eto et al., 1999; Way-
man et al., 2008). We examined thermosensory behaviors of
animals lacking ckk-1 CaMKK to determine whether these ani-
mals exhibit behavioral defects similar to those of cmk-1 mu-
tants. ckk-1-null mutants exhibited strong defects in negative
thermotaxis behavior (Figure S4A), but WT IT behavior when
grown at 15C (Figure S4B). T*AFD was markedly decreased in
ckk-1 mutants at Tc = 25
C, although to a lesser extent than
in cmk-1 mutants (Figure 4C); T*AFD in ckk-1 mutants was unaf-
fected at Tc = 15
C (Figure S4C). Consistent with decreased
T*AFD at Tc = 25
C, but not at Tc = 15C, in ckk-1 mutants, gcy-
8p::GFP levels in ckk-1mutants were decreased upon overnight
growth at 25C, but only weakly affected at 15C (Figures 4D and
S3C). These observations suggest that CKK-1 plays a role in
setting T*AFD at Tc = 25
C.
Since calcium influx can regulate nuclear localization of CaMKI
isoforms in mammalian cells (Wayman et al., 2008), we asked924 Neuron 84, 919–926, December 3, 2014 ª2014 Elsevier Inc.whether the observed defects in ckk-1 mutants arise due to
altered subcellular localization of CMK-1. Indeed, CMK-1::GFP
was constitutively enriched in the cytoplasm of AFD in ckk-1mu-
tants regardless of Tc, and nuclear enrichment was not observed
during temperature shifts (Figure 4E). The T*AFD adaptation
defect of ckk-1 mutants at Tc = 25
C could arise due to
decreased catalytic functions or constitutive cytoplasmic locali-
zation of CMK-1. We found that overexpression of CMK-1+NLS
robustly increased both T*AFD and gcy-8p::GFP expression
levels in AFD in ckk-1 mutants to values higher than those in
WT animals (Figures 4C and 4D); the localization pattern of
CMK-1+NLS::GFP in AFD was unaltered in ckk-1 mutants
regardless of Tc (Figure S3D). In contrast, CMK-1(T179A)::DsRed
in which the CKK-1 target residue has been mutated to alanine
(Eto et al., 1999) was strongly enriched in the cytoplasm regard-
less of Tc (Figure S3E), and failed to rescue the T*AFD defects of
cmk-1(oy21)mutants (Figure S3F). Together, these observations
suggest that CKK-1-mediated phosphorylation regulates tem-
perature-dependent nuclear translocation, but not activity, of
CMK-1 in AFD, and support the idea that nuclear localization
of CMK-1 upregulates gcy gene expression and T*AFD at warmer
temperatures. CKK-1 similarly regulates nuclear localization of
CMK-1 in response to noxious heat in the FLP nociceptor neu-
rons in C. elegans (Schild et al., 2014 [this issue of Neuron]).
CaMK proteins regulate activity-dependent changes in gene
expression in part via phosphorylation of transcription factors
such as CREB and HSF1 (Eto et al., 1999; Holmberg et al.,
2001; Sheng et al., 1991; Wayman et al., 2008), and crh-1
CREB mutants have been reported to exhibit thermotaxis de-
fects and altered thermotransduction in AFD (Nishida et al.,
2011). crh-1 mutants did not exhibit significant defects in either
thermotaxis behaviors or temperature-regulated intracellular
calcium dynamics in AFD under our assay conditions (Figures
S4A–S4C). Mutations in the hsf-1 HSF1 gene in C. elegans
have also been reported to alter AFD functions in response to
temperature (Sugi et al., 2011); we found hsf-1(sy441) mutants
had higher T*AFD values than WT animals at Tc = 25
C and thus
exhibited a phenotype distinct from that of cmk-1 mutants (Fig-
ure S4C). These observations suggest that CMK-1 is unlikely
to mediate temperature-regulated gene expression by simply
activating CREB, or HSF-1, in AFD.
DISCUSSION
The AFD neurons retain exquisite sensitivity across the physio-
logical temperature range of C. elegans, allowing animals to
detect temperature changes of <0.01C from 15C to 25C.
The wide dynamic range of AFD is mediated by adaptation of
T*AFD, which determines the lower bound of its operating range.
T*AFD is determined by temperature-regulated changes in the
balance between cGMP synthesis by rGCs (Inada et al., 2006;
Wasserman et al., 2011) and hydrolysis by phosphodiesterases
such as PDE-2 (Wang et al., 2013). Adaptation of T*AFD to a Tc-
correlated value is likely mediated by absolute levels of intracel-
lular cGMP and/or calcium (Wang et al., 2013). Consistent with
this hypothesis, T*AFD is set to a lower value in single gcy mu-
tants, but is higher in animals grown in 8-Br-cGMP or in pde-2
mutants (Wang et al., 2013; Wasserman et al., 2011).
Neuron
CaMKI Resets the Operating Range of AFDGiven its timescale of minutes, the fast phase of warm adap-
tation likely arises from nontranscriptional mechanisms. Similar
to light adaptation in vertebrate photoreceptors (see for example
Arshavsky and Burns, 2012), we propose that during the initial
stages of warming, increased cGMP and calcium levels feed
back via CMK-1 and other molecules to decrease rGC or in-
crease PDE activity, or to increase the threshold of cGMP-gated
channel activation resulting in a higher value for T*AFD (Figure 4F).
However, upon prolonged exposure to warmer temperatures,
adaptation of T*AFD to the correct value requires in addition,
CKK-1-mediated regulation of CMK-1 nuclear localization, and
CMK-1-mediated changes in gcy and other gene expression
to increase intracellular cGMP levels (Figure 4F). Similarly,
CMK-1 activity in the nucleus or cytoplasm of the nociceptive
FLP neurons also increases or decreases the temperature
threshold, respectively, for noxious heat avoidance inC. elegans
(Schild et al., 2014 [this issue of Neuron]). In the absence of
CMK-1 function, T*AFD adapts at the same rate, but to lower
values due to reduced levels of GCY proteins, thereby narrowing
the effective dynamic range of AFD. This failure to correctly
adapt T*AFD results in severe thermotaxis behavioral pheno-
types. Although CMK-1 may also play a role in regulating gcy
gene expression at 15C, the processes underlying adaptation
to warmer and colder temperatures are likely to be partly
distinct. Together, our results implicate CMK-1-mediated gene
expression changes as a major contributor to long-term adap-
tation of the response threshold of the AFD thermosensory
neurons.
The fast and slow thermal adaptation observed in AFD upon
temperature upshift is reminiscent of the extensively described
transcription-independent and -dependent temporal phases of
neuronal and behavioral plasticity observed in multiple systems
(Davis, 2005; Hawkins et al., 2006; Huganir and Nicoll, 2013;
Leslie and Nedivi, 2011). A few studies have reported related
mechanisms contributing to short- and long-term adaptation
of peripheral sensory neuron responses. For instance, long-
term adaptation of C. elegans to volatile odorants, or of
Drosophila to an initially aversive tastant, is mediated via expe-
rience-dependent changes in sensory rGC gene expression or
TRPL cation channel protein levels, respectively, in sensory
neurons (Juang et al., 2013; Zhang et al., 2013). Adaptation
at the sensory neuron response level may provide a simple
mechanism to prevent heterologous adaptation to other cues,
and allow cross-modulation of responses to other stimuli
sensed by the neuron, whereas adaptation at central loci may
allow state-dependent modulation of sensory responses, as
well as adaptation to multiple features of complex stimuli.
Given the intriguing parallels in sensory transduction mecha-
nisms, as well as the adaptation of sensory neuron responses
over a broad range of stimulus intensities on different time-
scales, we suggest that similar temporally distinct transcrip-
tion-independent and -dependent mechanisms may contribute
to expand the operating range of sensory neurons in multiple
systems.EXPERIMENTAL PROCEDURES
Detailed protocols are listed in Supplemental Experimental Procedures.Thermotaxis Behavioral Assays
Negative thermotaxis and isothermal tracking assays were performed as
described (Beverly et al., 2011; Wasserman et al., 2011). For negative thermo-
taxis assays, the gradient excluded the temperature range in which animals
track isotherms in order to minimize confounds from IT behavior.
In Vivo Calcium Imaging
Imaging of temperature-evoked calcium responses in AFD neurons was per-
formed essentially as previously described (Wasserman et al., 2011). Individual
animals were imaged for 6–10 min with an upward ramp that changed at
0.01C/s with superimposed sinusoidal oscillations of 0.2C amplitude and
0.04 Hz frequency.
qPCR
qRT-PCR experiments were performed using RNA from growth-synchronized
young-adult animals. Expression levels of each gene were normalized to act-1
RNA levels at each temperature.
Quantification of GFP Fluorescence
To control for differences in intrinsic GFP fluorescence at different tempera-
tures, gcy-8p::gfp levels in AFD were normalized to GFP fluorescence levels
in the nonthermosensory PVQ neuron in animals grown at 15C and 25C.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.neuron.2014.10.046.
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